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Abstract 
Green modular product design plays one of the most important roles to create products with less environmental impact targeting 
the sustainable society. Nevertheless, traditional green modular design has the risk of losing the use of strategy of product 
platform planning. And this strategy is widely employed by company in order to shorten time to market and reduce costs. Aiming 
at the problem, a modular design method is proposed in this paper considering not only the environmental impact of product but 
also product platform planning strategy. The instability index of component is first presented to evaluate the change likelihood of 
component in future generations. Based on the instability index, the calculation method for the probability of product platform 
planning between product generations is illustrated. Next, a mathematical formulation for green modular design with 
consideration of product platform planning strategy is given. Moreover, for obtaining an optimal design scheme, a genetic 
algorithm is employed to conduct modular optimization. Finally, the effectiveness of the proposed method is demonstrated 
through a case study. 
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1. Introduction 
Manufacturing industry is faced with a challenge to create 
products with less environmental impact targeting the 
sustainable society. Green design or eco-design plays one of 
the most important roles to cope with this challenge. Green 
product design is defined as a practical tries to reduce 
environmental impact of a product at the design stage. Some 
methods are appeared for green product design such as design 
for recycling (DFR) and design for disassembly (DFD). Since 
green modular structures can improve the environmental 
performance of product cycle life, green modular design is 
considered to be an important method of green design. In 
recently years, many researches have been carried out in the 
green modular product design field.  
Ishii [1] introduced the concept of ‘Technology modules’ 
based on ‘clump’ analysis to link ‘Design for Product 
Retirement’ and ‘Modularity’. The aim of ‘Technology 
modules’ is that components with the same retirement 
methods (e.g. recycling, and disposal) should be grouped in 
the same module. Gu [2] studied the modular design method 
considering the requirement of the entire product life cycle. A 
weighted method is used in determination of the interaction of 
components in a product. Krikke [3] developed a model to 
support decision-making concerning both the design structure 
of a product, i.e. modularity, reparability and recyclability, 
and the design structure of the logistics network. Sensitivity 
analysis is then provided to analyze their impact to the 
environmental and the life cycle costs.  Five basic rules is 
employed by Huang [4] for recycling in modular design.  Five 
rules include life-cycle analysis, materials compatibility, 
recycling profit, environmental impact of recycling, and 
structural and physical interaction analysis. Then a fuzzy 
clustering algorithm was adopted to form the component 
clusters based on a fuzzy correlation matrix. Umeda [5] 
presented a modular design methodology that derives modular 
structures based on both life-cycle properties and geometric 
information. It aggregates attributes related to a product life 
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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cycle using a technique called self-organizing maps. A 
grouping genetic algorithm was employed by Tseng [6] to 
cluster components into modules supporting life-cycle 
engineering, and subsequently the modules are adjusted 
according to green design issues. With green considerations 
incorporated into new modules, Smith [7] putted forward a 
green modularization method based on the atomic theory, 
whereby the green modules are created by merging or 
separating structural modules with respect to environmental 
impacts.  Based on re-design risk control, Yang [8] explored a 
modular eco-design method for life-cycle engineering, in 
which functional and physical risk assessments are introduced 
as two constraints during the re-design optimization process. 
Yu [9] proposed a product redesign method for modular 
design with consideration of both product life issues and the 
original physical connection relations. 
   Although many researches can be found in green modular 
design, traditional green modular design has the risk of losing 
the use of strategy of product platform planning. In today’s 
highly competitive global business environment, the speed of 
the product replacement is becoming faster and faster. The 
platform-based strategy is widely used in company due to the 
fact that it is benefit for enterprises to decrease frequent 
redesign cost and time to market. In this paper, a methodology 
for green modular design with consideration of platform 
planning strategy is proposed. The proposed approach can 
provide an optimal solution for modular design of product in 
simultaneously considering the environmental impact of 
product and product platform planning strategy. 
2. Green modular design with consideration of platform 
planning strategy 
2.1. The instability index of component  
A product contains platform components and non-platform 
components. The platform component can be used in multiple 
generations of products, and the non-platform component is 
only used in a generation. If a module involves non-platform 
component, the module cannot be used as a modular product 
platform in future generations. Therefore, in product modular 
design, the platform component and non-platform component 
should be avoided to cluster into one modular from the aspect 
of product platform planning. Due to the uncertain in future 
market, it is impossible to determine that a component is 
platform component or non-platform component. This paper 
proposes the instability index to evaluate the probability that a 
component is non-platform component. When the instability 
index of component is given, the platform planning 
probability of different modular design schemes can be 
evaluated. 
As shown in Fig.1, the calculation method for instability 
index of component is divided into four steps. Each step is 
introduced as follows: 
Step 1: Prediction the change in future market needs 
Here, the product specification with the risk of change is 
called variability specification. In first step, the variability 
specifications are judged by market experts, while their 
change likelihoods need to be estimated. The change of 
market demand does not mean that a company will change its 
products, and whether to make the change is determined by 
the decision-makers of company. Therefore, the change 
probability of a variability specification is estimated based on 
two aspects: market and company strategy. It is assumed that 
the change probability of the specification i (Spec.i) in future 
market demand is represented by ( )m i
spP , and the probability 
which the decision-makers determine to change the 
specification i (Spec.i)  is indicated by ( )c i
spP . Then, the change 
probability ( )(i
spP ) of specification i (Spec.i) is calculated as 
follows. 
( ) ( ) ( )i m i c i
sp sp spP P P u                                                         (1) 
The )(im
spP  and 
)(ic
spP  is given by experts according to Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Calculation of  instability index for component 
Table 1. Grades of change. 
Description of change Change probability 
No change 0 
Very small 0.2 
Small 0.4 
Big 0.6 
Very big 0.8 
change 1 
 
Step 2: Identifying initiating change components 
In this paper, the component directly related with the 
variability specification is called initiating change component 
(IC component). In the second step, IC components are 
identified by using Quality Function Deployment (QFD). To 
mark the relationships between specifications and components, 
the rows (what) of a QFD matrix are filled with specifications 
and the column (how) are filled with components. As seen in 
Fig. 2, the value in each cell represents the change probability 
of component if relevant variability specifications are changed. 
The value of change probability is derived from a history of 
previous design changes and from the view of experienced 
product designers, and it is estimated based on the description 
of Table. 1. Assuming that the change probability of IC 
component ‘k’ is )(ikP  if the spec. i is changed. Then, the 
initiating change probability of IC component ‘k’, which is 
triggered by the variability spec. i , is calculated as follows. 
( ) ( ) ( )
, ( )
i i i
k In sp kP P P u                                                (2) 
where )(
)(,
i
InkP  is the initiating change probability of IC 
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component ‘k’, which is triggered by change of the spec. i. 
Due to the fact that the change of IC component may be 
triggered by several specifications, the combined initiating 
change probability of IC component ‘k’ (
)(, InkP ) is calculated 
as follows. 
, ( ) ,( )1 (1 )
i
k In k In
i
P P  
                                       
(3) 
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Fig. 2. Using QFD to identify the initiating change components 
Step 3: Prediction change 
   Since components are interrelated, a change in one 
component may induces a change in another component. The 
change in IC components will lead to changes in other 
components. To identify all the affected components, this step 
uses change propagation prediction to analyze the path by 
which a change propagates. The path is divided into multiple-
ways, and whether or not a change propagates is determined 
in a stochastic manner. The procedure is introduced as follows. 
(1) Construction dependency matrix between components 
The change relationships between components is 
represented by dependency matrix. The matrix cell contains a 
value or empty. If the (j, k) cell is indicated by a value, it 
means that a change of the component in the k-th column, an 
instigating component, it may induce a change in the 
component in the j-th row, an affected component. The value 
in cell represents the direct change probability which is 
defined as the probability that a change in the design of one 
component will lead to a change in another component. The 
likelihood matrices are derived from the views of experienced 
product designer, and the element value is given according to 
Table 1. Figure 3 shows an example of dependency matrix 
(DM), and the likelihood ( baL , ) of direct change propagation 
from ‘a’ to ‘b’ is illustrated. 
(2) Construction change propagation tree 
A change propagation tree is adopted from Clarkson [10] 
to analyze possible change propagation path. For example, as 
shown in Fig. 4, the propagation tree is derived based on a 
DM, and it shows the propagation paths from component ‘a’ 
to component ‘b’. A combined effect (direct and indirectly 
effects) can be considered from the propagation tree. To 
obtain the combined likelihood, propagation trees are viewed 
as logic trees. Vertical lines are treated as And ( ), while 
horizontal lines are treated as Or (  ). Direct likelihood 
values on the vertical line are combined by and summation, 
and the combined likelihood values computed on each vertical 
line are combined by Or summation on the horizontal line. 
And-Or summations are computed using Equations (4) and (5). 
 
 a b c d f e 
a 0.2 0.6 0.8   0.6 
b 0.4 0.6 0.6   0.8 
c 0.8   0.6 0.4 0.2 
d 0.2 0.6 0.8   0.6 
f   0.4 0.2  0.2 
e 0.3 0.8 0.4 0.2 0.6  
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Fig. 3. An example of dependency matrix 
a
b c d f
b b  
Fig. 4. An example of change propagation tree 
, , , ,b u b v b u b vL L L L  u                                               (4) 
    , , , ,1 1 1b u b v b u b vL L L L    u                           (5) 
As shown in Fig.4, according to Equations (4) and (5), the 
combined change probability of component ‘b’ triggered by 
component þaÿ( ,
,
c m
b aP ) is calculated as follows. 
      ,, , , , , ,1 1 1 1c mb a b a b d d a b f f aP L L L L L   u  u u  u  (6) 
In our research, since the IC component is changed with a 
probability, therefore, as shown in Fig.4, the final change 
probability of component ‘b’ triggered by component þaÿ
(
,
f
b aP ) is calculated as follows. 
   
 
, , ,
,
, ,
1 1
1
1
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b f f a a
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(7) 
where D
aP  is the initiating change probability of IC 
component ‘a’. 
Step 4: Calculation of instability index 
The instability index is used to evaluate the change 
probability of component in future generations, and it is 
calculated as follows. 
  (a) When component ‘k’ is IC component, the instability 
index is calculated by using the Equation (8).  ( ) ,1 1 (1 )k D fk k iiIP P P   u3                                   (8) 
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where ( )kIP  is the instability index of IC component ‘k’. 
  (b) When component ‘j’ is affected component, the 
instability index is calculated by using Equation (9). 
( )
,1 (1 )
j f
j ii
IP P 3                                                 (9) 
where ( )jIP  is the  instability index of affected component ‘j’. 
2.2. The probability of product platform planning  
As long as one component in a module need to change in 
future generations, the module will be changed. Therefore, the 
unchanged probability of a module is calculated as follows. 
¦
 
 
N
n
nj
M IPP
1
)( )1(
                                                  
(10) 
where jMP  is the unchanged probability of module j, N  is the 
number of component in module j. 
It is assumed that a product is divided into J modules. If all 
modules need to change, it means that there is no probability 
for product platform planning between product generations. 
Therefore, the probability of product platform planning in 
modular design is calculated as follows. 
¦
 
 
J
j
j
Mpl PP
1
)1(1                                                            (11) 
where plP  is the probability of product platform planning 
between product generations. 
2.3. Modular drivers 
Modular drive is the criteria for generating modules. The 
modular drives of traditional green modular design contain 
function rule, structure rule and green similarity rule. 
(1) Function rule 
The function rule need be considered since the change of 
module configuration should not degrade original product 
functions. The strength between components affected by 
function can be evaluated by how important the two 
components contribute to the realization of the function and 
sub-function [11]. Table 2 shows the component-component 
relations according to their contributions to functions. Based 
on Table 2, the function interaction DSM (FI-DSM) is 
constructed, and the element value of FI-DSM indicates the 
interaction value between components under function rule.  
Table 2. Grades of function interaction between components. 
 Relationship Interaction value Description 
Strong 0.9 Big contribution to main 
function 
Medium 0.3 One contribute to the main 
function, the other to 
subordinate  function of this 
main function 
weak 0.1 Service to the same 
subordinate function 
None 0 Service to different function s 
or subordinate function 
 (2) Structure rule 
The structure rule is an important modular drive in modular 
design. Product structure is expressed as a liaison graph, and 
the structure interaction DSM (SI-DSM) is applied to model 
and describe the correlation among components of a product. 
The description of structure between components is shown in 
Table 3. Based on Table 3, the degree of connection between 
components is evaluated. Define the comprehensive 
connected degree between  two components as element value 
of SI-DSM ( SI DSMijR
 ), which is the weighted average of the 
degrees of two components i and j. The formula is as follows. 
(1)
1
( , ),
N
SI DSM
ij n n
n
R w NC i j i j
 
 z¦                                 (12) 
where ( , )nNC i j  is the strength of the nth connected factor on 
component i to component j, which is assessed by designers 
based on evaluate criteria. (1)
nw represents the weight of the 
nth connected factor, (1)0 1nwd d , and (1)1 1N nn w  ¦ . 
Table 3. Grades of structure interaction between components. 
Type of relationship Interaction value Description 
No 0.0 No relationship at all 
Weak 0.2 Loose connect and medium 
relationship 
Medium 0.4 Medium connection and 
medium relationship 
Medium strong 0.6 Medium connection and 
high relationship 
Strong 0.8 Firm connection and high 
relationship 
Very strong 1.0 Impartibility 
(3) Green rules 
In green modular design, the green rule involves material 
compatibility rule, recycling rule and so on. Which rules are 
considered based on the preferences of decision-makers. To 
evaluate the green performance of modular design, the 
similarity DSM should be constructed first under each green 
rule. For example, according to the Table 4, a material 
similarity DSM (MS-DSM) is established. The element value 
of MS-DSM represents the degree of material compatibility 
between components. By using the same method, the 
similarity DSM between components can be constructed 
under other green rules. 
   Table 4. Grades of materials compatibility. 
Description of materials compatibility Similarity evaluate value 
Same materials 1 
Compatible materials 0.6 
Not completely compatible materials 0.3 
Incompatible materials 0 
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When the green similarity DSM under each green rule is 
obtained, an integrated green similarity DSM (INS-DSM) can 
be constructed. The element value of INS-DSM is calculated 
as follows. 
(2)
1
( , ),
N
ij n n
n
GI w G i j i j
 
 z¦
                                             
(13)
 
where ( , )nG i j  is the similarity evaluate value between 
component i and component j under the nth green  rules, 
which is assessed by designers based on evaluate criteria, 
(2)
nw represents the weight of the nth green rule, 
(2)0 1nwd d , 
and (2)
1
1
N
nn
w  ¦ .
 
2.4. Evaluation of modular performance 
In previous study, some methods are introduced to evaluate 
the modular performance. This paper employs the modularity 
metric proposed by Guo[12]. The idea of this metric is to 
reward for tightly coupled modules and penalize for 
connections in-between the modules. It is formulated as the 
following. 
1
1 1
2
1 1
( )
( 1)(N 1)(m 1)
m m m n Nk k k k
ij ij ijM M
i n j n i n j j mk k k k
k k k kk kk k
v
R R R
m n m nnM
M

     
  

       
¦ ¦ ¦ ¦ ¦
¦ ¦
          
(14)
 
where 
vM is the
 
modularity metric under the v -th rule, nk is 
the index of the first component in the k-th module, mk is the 
index of the last component in the k-th module, Nm is the total 
number of modules in the product, Nc is the total number of 
components in the product, and Rij is the value of i-th row and 
j-th column element in the interaction DSM or similarity 
DSM.
 
2.5. Mathematical formulation for modular design 
In this paper, the product platform planning strategy is 
considered, and the probability of product platform planning 
is defined as a constraint in green modular design 
optimization. The mathematical formulation is described as 
follows. 
))(),(),(max()( XMXMXMXf GRSRFR                              (15) 
s.t. 
sMM                                                                            (16) 
spl PP t                                                                                 (17) 
0)( dXG                                                                                (18) 
0)(  XH                                                                              (19) 
where )(XMFR is the modularity metric of X-th modular 
design scheme under function rule, )(XM SR is the modularity 
metric of X-th modular design scheme under structure rule, 
SM  is the modular number set by decision-makers, SP  is the 
threshold of  platform planning  probability which is set by 
decision-makers, )(XMGR is the modularity metric of  X-th 
modular design G(X) is other unequal constraints, H(X) is 
other equality constraints. 
2.6. Optimizing modular design using a genetic algorithm 
The above optimization model is an non-deterministic 
polynomial (NP) hard problem. In this paper, a genetic 
algorithm (GA) is employed to find optimization modular 
design scheme. 
(1) The chromosome representation 
 Figure. 5 shows an example of chromosome. The length of 
chromosome stands for the total number of components. Each 
gene represents a component, and the integer in gene indicates 
that the corresponding component belong to which module. 
As shown in Fig. 5, components is grouped into three 
modules, which are expressed as “M1” =̗C3, C6̙; “M2” =
̗C1, C4, C8, C9̙; “M3”=̗C2, C5, C7̙. 
 
C1 C2 C3 C4 C5 C6 C7 C8 C9
2 3 1 13 32 2 2
C1
C4 C8
C3C6
C5
C9
C2 C7M1
M2
M3  
Fig. 5. An example of chromosome 
(2) Fitness function 
   The GA assesses the solutions based on the fitness function. 
The greater fitness an individual has, the higher the chance it 
has to be chosen in the next generation. The weighted additive 
utility function is one of the most famous methods, and it is 
employed in this paper. Let ikf  be the i-th objective function 
of alternative k . The weighted additive utility function for 
alternative k with n objectives is represented as follows: 
1 1 2 2( ) +k k n nkY k w f w f w f  ĂĂ                                 (20) 
where
nw  are the importance weights of n-th objective 
function. Each objective can be given a weight ranging from 
0-1, and the total weight of n objectives is one. Each weight 
can be set based on decision-maker's preference. Since the 
performance indicators of different objective may have 
different scales, the weighted additive utility function with 
normalized objectives is represented as follows: 
'
1 1 2 2( ) ' ' + 'k k n nkY k w f w f w f  ĂĂ                              (21) 
where 'ikf  are normalized values, each normalized objective
'
ikf is defined as: 
 
,min
,max ,min
' ik ikik
ik ik
f ff f f
                                                    (22) 
where ,minikf  and ,maxikf  represent the given minimum and 
maximum values for objective function ikf , respectively. 
(3) The GA operation phase 
In the GA operation phase, an initial population is yielded 
randomly. Using basic genetic operations (i.e., selection, 
crossover and mutation), the GA operates to produce a new 
population. These three operations are described as follows: 
(a) Crossover and mutation 
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Crossover and mutation are two genetic operations which 
mostly influence the evolution process. In this study, two-
point crossover and mutation are adopted and the points are 
randomly selected.  
(b) Selection mechanism and elitist strategy 
The integrated method of roulette wheel and elite 
preservation strategy is employed for selection operation in 
this study.  
(c) Constraints handling 
In this research, the penalty strategy is adopted for handling 
constraints. The penalty strategy used in this research is 
described as follows: 
( ) ( ) ( )
,
H X eval X S X                                               (23) 
0 if x is a feasible chromosome
( )
otherwise .
S X
U
­ ®¯                       (24) 
where ( )S x  is penalty function, U is a penalty factor. 
3. Case study 
In this section, a refrigerator is used as an example to verify 
the efficiency of the proposed approach. Some components, 
such as frames and bolts, are not included in modular design 
since they show very small roles in design results. In the case 
study, 22 components are considered in modular optimization 
process, and they are shown in Table 5. 
Table 5. Key components of a refrigerator.  
 
 
 
 
 
 
 
 
 
 
 
 
    
   
 
  In the case study, two specifications, less energy 
consumption and big capacity, are judged to change in future 
markets. When the module number and Ps are given by 
decision-makers, the result of modular design can be obtained. 
Table 6 shows an optimal modular design schemes.  
Table 6. Optimal solution for modular design. 
 
4. Conclusions 
This paper proposes a methodology for modular design not 
only considering the function, structure and green 
performance but also paying attention to the product platform 
planning strategy. The instability probability is proposed to 
evaluate the change probability of component in future 
generation of product. According to the instability index, the 
probability of product platform planning between product 
generations is calculated, and it is used to evaluate the 
modular design scheme from the aspect of product platform 
planning. A mathematical model is constructed for green 
modular design with consideration of product platform 
planning strategy. For solving the modular design problem, 
GA is employed to find an optimal modular design scheme. 
Results of the case study demonstrate that the proposed 
method is effective in supporting green modular design with 
consideration of platform planning strategy. 
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No. Name No. Name 
C1 Refrigerator Door Gasket C12 Power supply cord 
C2 Refrigerator Door C13 Metal mesh shelter 
C3 Freezer Door Gasket C14 Top cover 
C4 Freezer Door C15 Top Hinge 
C5 Refrigerator Drawer C16 Upper shelves 
C6 Refrigerator Shelf C17 Light set 
C7 Bottom Hinge C18 Middle Hinge 
C8 Front Leveler C19 Wire Clamp 
C9 Refrigerator Body C20 Keep plate 
C10 Compressor C21 Evaporator Bracket 
C11 Compressor Fixing Pad C22 Evaporator 
Constraint conditions:   Ms=6, Ps=0.8 
Module 1 C1, C2, C15, C16 
Module 2 C3,C4 
Module 3 C7,C8,C9,C14,C18 
Module 4 C11,C10,C16,C12,C13,C16,C17,C18,C19,C20 
Module 5 C5,C6 
Module 6 C21,C22 
